Abstract-Hybrid analog-digital precoding is challenging for broadband millimeter-wave (mmWave) massive MIMO systems, since the analog precoder is frequency-flat but the mmWave channels are frequency-selective. In this paper, we propose a principal component analysis (PCA)-based broadband hybrid precoder/combiner design, where both the fully-connected array and partially-connected subarray (including the fixed and adaptive subarrays) are investigated. Specifically, we first design the hybrid precoder/combiner for fully-connected array and partially-connected subarray given the antenna grouping pattern based on PCA, whereby a low-dimensional frequency-flat precoder/combiner is extracted from the optimal high-dimensional frequency-selective precoder/combiner. Meanwhile, the nearoptimality of our proposed PCA approach is theoretically proven. Moreover, for the adaptive subarray, a low-complexity shared agglomerative hierarchical clustering algorithm is proposed to group antennas for the further improvement of SE performance. Besides, we theoretically prove the proposed antenna grouping algorithm is only determined by the slow time-varying channel statistic information in the large antenna limit. Simulation results demonstrate the superiority of the proposed solution over stateof-the-art schemes in SE, energy efficiency (EE), and bit-errorrate performance. Our work reveals that the EE advantage of adaptive subarray over fully-connected array is obvious for both active and passive antennas, but the EE advantage of fixed subarray only holds for passive antennas.
I. INTRODUCTION
M ILLIMETER-WAVE (mmWave) communication has been conceived to be a key enabling technology for the next-generation communications, since it can provide Gbps data rates by leveraging the large transmission bandwidth [3] - [6] . To combat the severe path loss in mmWave channels, a large number of antennas are usually employed at both the base stations (BS) and the mobile stations for beamforming This paper was presented in part at the IEEE Global Communications Conference Workshop, December 2018 [1] , [2] .
Y. Sun, Z. Gao, and H. Wang are with School of Information and Electronics, Beijing Institute of Technology, Beijing, China (email: {sunyiwei, gaozhen16, wanghua}@bit.edu.cn). B. Shim is with Institute of New Media and Communications School of Electrical and Computer Engineering, Seoul National University, Seoul, Korea (email: bshim@korea.ac.kr). G. Gui is with College of Telecommunication and Information Engineering, Nanjing University of Posts and Telecommunications Nanjing, China (email: guiguan@njupt.edu.cn). G. Mao is with School of Computing and Communication, The University of Technology Sydney, Australia (email: g.mao@ieee.org). F. Adachi is with Dept. of Electrical and Communications Engineering Tohoku University, Sendai, Japan (email: adachi@ecei.tohoku.ac.jp). [7] , [8] . However, a large number of antennas could lead to severe hardware cost and power consumption if each antenna requires a radio frequency (RF) chain as in conventional fullydigital MIMO systems. To overcome this problem, hybrid MIMO has been emerging to trade off hardware cost with spectral efficiency (SE) and energy efficiency (EE) [9] - [13] . This tradeoff depends on the specific hybrid MIMO architecture, which includes the fully-connected array (FCA) and partially-connected subarray (PCS), and the latter can be further categorized into fixed subarray (FS) and adaptive subarray (AS) [14] . Nevertheless, how to design hybrid precoding over broadband channels can be challenging, as the RF precoding is frequency flat and has the constant-modulus constraint [7] . Therefore, it is of great importance to design an efficient broadband hybrid precoder/combiner for mmWave massive MIMO systems.
A. Related Work
Narrowband hybrid precoding has been investigated in [9] , [10] , [15] - [19] . Specifically, a compressive sensing (CS)-based hybrid precoding was proposed in [15] , where the channel sparsity was exploited with the aid of orthogonal matching pursuit (OMP) algorithm. To reduce the computational complexity, a low-complexity CS-based beamspace hybrid precoding was developed in [16] . To improve the EE, an iterative analog precoding was designed for FS [17] , but it failed to consider the digital precoding. Moreover, a constant envelope hybrid precoding scheme was proposed, where the hybrid precoding is designed under the per-antenna constant envelope constraints [9] . Additionally, the codebook-based scheme, the hybrid block diagonal scheme, and the heuristic scheme were respectively proposed in [10] , [18] , and [19] for multi-user MIMO. However, [9] , [10] , [15] - [19] only assumed the flat fading channels.
To effectively combat the time dispersive channels, several elegant broadband hybrid precoding solutions have been proposed in [20] - [23] . Most of them adopted OFDM so that the broadband frequency-selective fading channels were converted into multiple parallel narrowband flat fading channels. To be specific, a hybrid precoding scheme has been proposed in [20] to support single stream transmission in MIMO-OFDM system, where the optimal beam pair was exhaustively searched from a codebook predefined for FS. To reduce the computational complexity, an insightful broadband hybrid precoder based on limited-feedback codebook has been proposed for fully-connected array (FCA) [21] . Moreover, by exploiting the channel correlation information among different subcarriers, a broadband hybrid precoding was proposed, where both FCA and PCS are investigated [22] . However, [21] did not consider the combiner design at the receiver, and [22] assumed the fully-digital array at the receiver. Note that in [22] , although a greedy algorithm was proposed to group the antennas for AS, this method could suffer from the poor performance due to the unbalanced antenna grouping. Besides, by proving the dominant subspaces of frequency domain channel matrices at different subcarriers are equivalent, [23] has theoretically revealed the optimality of the frequency-flat precoding. However, this conclusion was based on the ideal sparse channels by assuming the discrete angles of arrival/departure (AoA/AoD), and the specific precoder/combiner solution was not explicitly provided.
B. Our Contributions
In this paper, we propose a general framework for broadband hybrid precoding for mmWave massive MIMO. To be specific, a near-optimal hybrid precoder and combiner are proposed for both FCA and PCS. In PCS, we not only investigate precoding scheme in FS, but also develop algorithm for AS antenna grouping. The contributions of this paper are summarized as follows:
• Near-optimal PCA-based analog precoder and combiner design. Based on the PCA, the low-dimensional signal space of frequency-flat precoder can be abstracted from the high-dimensional signal space of optimal frequency-selective precoder with small SE performance loss. Moreover, to minimize the mean square error between transmit and receive symbols, a weighted PCA is proposed to obtain the analog combiner for improved BER performance. Further, we show the optimality of the proposed PCA-based hybrid precoding design theoretically and demonstrate by simulations.
• Low-complexity antenna grouping for AS based on shared-AHC algorithm. We formulate the antenna grouping problem for AS as the clustering problem in machine learning. To avoid the prohibitively high complexity of optimal exhaustive search approach, we propose a lowcomplexity shared-AHC algorithm. Moreover, we prove that the shared-AHC relay on the direction of multipaths with large gains and thus does not have to change rapidly with the time-varying channel. Simulation results confirm that the proposed shared-AHC algorithm achieves better SE and EE performance than existing schemes. Additionally, simulations indicate the complexity varying with antenna numbers and channel realizations, and further confirm the SE performance of unchanged AS coincide with changed AS in time-varying channels.
• EE performance analysis in practical passive/active antennas. Antenna architectures are different for passive and active antennas, which leads to the different numbers of power-consuming electronic elements (e.g., power amplifiers). EE analysis in prior work usually assumes the simplified antenna model without distinguishing passive/active antennas. By contrast, we consider the practical passive/active antennas for EE performance analysis. Our work reveals that EE advantage of FS over FCA is obvious for passive antennas, but this advantage gap decreases for active antennas. Meanwhile, AS has the overwhelming advantage for both active and passive antennas. The rest of this paper is organized as follows. We introduce the system model in Section II. Then, we propose PCAbased hybrid precoder and combiner for FCA in Section III. Moreover, we extend the precoding design to PCS in Section IV, whereby PCA-based precoding scheme in FS and shared-AHC based antenna grouping scheme in AS are discussed. In Section V, we evaluate the system performance, including the SE, BER and EE performance of the proposed PCA-based precoding scheme, the computational complexity and slow time-varying feature of the shared-AHC based AS antenna grouping algorithm. Finally, we conclude the paper in Section VII.
Notations: Following notations are used throughout this paper. A is a matrix, a is a vector, a is a scalar, and A is a set. Frobenius norm and ℓ 2 -norm are denoted by || · || F and || · || 2 , respectively. det(A) is the determinant of a square matrix A. card(A) is the cardinality of a set A. |a| is the modulus of a number a. ∠(a) denotes the phase of a complex number a. ⊗ represents the Kronecker product. Subtraction between sets A and B is defined as A \ B = {x|x ∈ A & x / ∈ B}. Especially, I N denotes an identity matrix with size N × N . The ith largest singular value of a matrix A is defined as λ i (A). Additionally, blkdiag(a 1 , · · · , a K ) is a block diagonal matrix with a i (1 ≤ i ≤ K) on its diagonal blocks. Finally, R{A} means to keep the real part of a complex matrix A.
II. SYSTEM MODEL
We consider an mmWave massive 3-dimensional (3D) MIMO system, where both the BS and the user employ the uniform planar array (UPA), and OFDM is adopted to combat the frequency-selective fading channels. The BS is equipped with N t = N 
where 1 ≤ k ≤ K with K being the number of subcarriers,
Ns×1 , and n[k] ∈ C Nr×1 are the digital precoder, analog precoder, digital combiner, analog combiner, channel matrix, transmitted signal, and noise associated with the kth subcarrier, respectively, and N s is the number of data streams.
where D is the maximum delay spread of the discretized channels, and
Nr×Nt is the delay-d channel matrix. We consider the clustered channel model [15] , where the channel comprises N cl clusters of multipaths with N ray rays in each cluster. Thus, the delayd channel matrix can be written as
) is the delay-domain channel coefficient, τ i,l , α i,l , and p(τ ) are the delay, the complex path gain, and the pulse shaping filter for T s -spaced signaling, respectively. Thus the relationship between the frequency-domain channel coefficient and the delay-domain channel coefficient is [8] . Thus the steering vector of the lth ray in the ith cluster for AoD is a t (φ
Similarly, the receive steering vectors are a r (φ
The achievable SE for the mmWave MIMO-OFDM system can be expressed as [21] 
It is worthy to point out that our work is distinctly different from the previous work [22] with the hybrid precoder considered at the transmitter but fully-digital combiner assumed at the receiver. In this paper, we consider the hybrid MIMO architecture at both the transmitter and receiver. Our goal is to design the hybrid precoder and combiner that maximizes the SE. Since the sum rate R is a function of variables
, it is computationally inefficient to jointly optimize the sum rate. To combat the problem, we propose an approach to decouple the design of precoder and combiner to solve this intractable problem.
III. PCA-BASED PRECODER/COMBINER FOR FCA
This section will discuss the design of the precoder/combiner for hybrid mmWave MIMO with FCA. Our goal is to design the optimal frequency-flat RF precoder (combiner) based on the optimal fully-digital frequency-selective precoder (combiner).
A. PCA-Based Precoder Design at Transmitter
We first design the digital precoder by fixing the RF precoder. Specifically, we design the precoder that maximizes the rate of the signalling. The corresponding optimization problem is
where F RF is a set of feasible RF precoder satisfying constant-modulus constraint. The joint optimization of F RF and (4) is very difficult due to the coupling between the baseband and RF precoders [21] . Therefore, we design F RF and
to be the equivalent baseband precoder. Then the optimization problem (4) is equivalent to 
and the SVD of the matrix
. Therefore, the equivalent baseband precoder
, and thus the optimal baseband precoder F BB [k] can be expressed as
Ns×Ns is a water-filling solution matrix, i.e.,
where the function (·) + denotes (a) + = a if a > 0, otherwise (a) + = 0, and µ satisfies
is reduced to the optimization of F RF in (5). We first define the optimal fully-digital precoder (4) can have transformation shown in Lemma 1.
Lemma 1. Optimization problem in (4) can be approximately written as
Especially, optimization problem (4) is equal to (9) when the following requirements are reached:
to the optimal fully-digital precoder
2) The signal-to-noise ratio (SNR) is high.
Proof. See Appendix A.
In [23] , it has been shown that the frequency domain MIMO channel matrices {H[k]} K k=1 have the same column space and row space. Meanwhile, the frequency-flat RF precoder F RF remains unchanged for all subcarriers. So the RF precoder can be regarded as a representation of such a column space. This observation motivates us to design the RF precoder by leveraging the PCA [26] . Specifically, we regard the matrix
consisting of the optimal precoders of all subcarriers as the data set in the PCA problem. Additionally, to achieve the stable solution with low complexity for PCA, SVD is applied to the data set matrix F [26] . The process is shown in the following proposition.
is an arbitrary full rank matrix.
Proof. See Appendix B.
According to Proposition 1, we can obtain the principal components constituting the optimal RF precoder using PCA. Moreover, we will design the full-rank matrix R t to meet the requirement of constant-modulus constraint for RF precoder. Specifically, by taking the constant-modulus constraint of RF precoder into account, we can design the RF precoder by solving
When the constant-modulus constraint is employed, the set of possible F RF is actually a hypersphere in the space of C . Therefore, the optimization problem in (10) is essentially to search a solution in the hypersphere according to the distance minimization criterion from a fix point [U F ] :,1:N RF t . Naturally, the solution is the point on this hypersphere sharing the same direction of the known point. In other words, the solution is given
. Therefore, the matrix
The specific RF precoder design can be summarized in Algorithm 1. Note that our method has essential difference with [22] . The frequency flat component (RF precoder) of [22] is estimated by the eigenvectors of channel covariance matrix. While in our proposed scheme, the frequency flat component (RF precoder) is estimated by the common basis of row space of channel matrices in all subcarriers, i.e. the eigenvectors of the covariance of the row space of channel matrices under all subcarriers. Apparently, the covariance of the row space of channel matrices is not the channel covariance matrix. Thus, our proposed PCA-based precoding scheme portrays the frequency flat component of the frequency selective channel in different perspective.
When the quantization of phase shifters is considered [27] , we assume that the quantization bits are Q. Therefore, the phase shifters can only be chosen from the following quantized phase set Q = {0,
}. Specifically, after obtaining the RF precoder F RF , the quantization process can be realized by searching for the minimum Euclidean distance between ∠([F RF ] i,j ) and quantized phase from Q.
B. PCA-Based Combiner Design at Receiver
In this subsection, we seek to design the hybrid combiner to minimize the mean-square-error (MSE) between the received signal and the transmitted signal under the assumption that
are fixed [15] . Specifically, the optimal fully-digital minimum mean square error (MMSE) combiner can be expressed as
, the combiner design can be formulated as the following optimization problem:
where W RF is a set of feasible RF combiner satisfying constant-modulus constraint. Note that if the constant-modulus constraint in (12) is removed, the solution to the problem (12) becomes equivalent to the optimal fully-digital MMSE
, the number of RF chains N RF r , and the number of antennas
combiner in (11) . Note that the objective function in (12) can be further expressed as will not affect the solution. Thus we add the independent term
to the objective function (13) . Thus, the optimization problem (12) can be rewritten as
where separately. We fix the RF combiner W RF and consider weighted LS estimation of baseband combiner
To design RF combiner W RF , a frequency flat combiner needs to be extracted from the frequency selective combiner
. This can be obtained using weighted PCA. The process is shown in Proposition 2. 
3:
4:
5:
The design of RF combiner can be extended from that of the RF precoder, where the weight
is designed based on the MMSE criterion. The RF combiner design is provided in Algorithm 2. When the quantization of phase shifters is considered, the entries of ∠([W RF ] i,j ) are substituted by the phase in Q bits quantization phase set Q with minimum Euclidean distance.
It is worth pointing out that baseband combiner
should also have the function of equalizer. Otherwise, it may cause fatal error in BER performance.
can be summarized in Algorithm 3.
IV. HYBRID PRECODER/COMBINER DESIGN FOR PCS
In this section, we further discuss the hybrid precoders and combiners for PCS, in which only a subset of antennas is connected to a concerning RF chain. We first discuss the precoding scheme under a given subarray (FS). Then, we further improve the antenna grouping to obtain better SE performance.
A. Hybrid Precoder/Combiner Design for FS
At the transmitter, there are N t antennas and N RF t RF chains. For simplicity, we consider the numbers of antennas for different RF chains are identical, and the cardinality of each subset for every antenna group is N sub t = N t /N RF t . We define the set of antenna indexes as {1, · · · , N t }, and S r as the subset of the antennas associated with the rth RF chain, where
For the FS, the analog precoder F RF can be written as a block diagonal matrix
where f RF,Sr ∈ C N sub t ×1 is the analog beamforming vector associated with the rth subarray for the rth RF chain. Specifically, similar to the precoder design for FCA, we consider the equivalent RF precoderF
can be expressed as
For the FS, the optimization problem (5) can be simplified to (see Appendix A)
where F RF,S is a set of feasible RF precoder satisfying constant-modulus constraint, and the optimal fully-digital precoder F opt [k] can be expressed as following block matrix form
and
In solving (17), we use the following proposition.
, where Proof. By substituting (16) and (18) into (17), the objective function of the optimization problem (17) can be further expressed as
(19) Therefore, the solution to the optimization problem (17) is
The maximum value can only be obtained when f RF,Sr = α r u Sr,1 , where α r is a complex value, and u Sr,1 is the left singular vector of the largest singular value of the matrix F Sr .
Finally, by taking the constant-modulus constraint into account, the final analog precoder matrix F RF can be obtained as [f RF,Sr ] i = e j∠([uS r ,1]i) / N sub t similar to (10) . Given the RF precoder design for FS, the associated baseband precoder can be obtained according to (7) .
At the receiver, we consider the subset of antenna indices associated with the rth RF chain as T r = {(r − 1)N 
is the baseband combiner vector associated with the rth receive subarray. Hence, we further obtain
Moreover, we consider the effective channel
and the received signal (1) can be written as 
. . .
By substituting (23) into (12), we have (24) , we first consider the optimal fully-digital combiner based on MMSE criterion, which can be expressed as W
To further simplify (24), we add a constant term irrelevant to the optimization object variables
and W RF in (24) . Specifically, by adding
(25) The w RF,Tr minimizing (25) is
where u Tr ,1 is the left singular vector associated with the largest singular value of the matrix
, and β r is an arbitrary complex number. The specific proof is similar to that of Proposition 3. Given the RF combiner design for FS, the baseband combiner can be obtained by Algorithm 3.
B. AS Antenna Grouping for Precoder/Combiner
In previous subsection, we observed that the SE performance of FS depends heavily on {F Sr } r=1 to further improve the SE performance when AS is considered. Given the suitable antenna grouping, the rest hybrid precoder/combiner design for AS reduces to that for FS, which has been discussed in Subsection A.
At the transmitter, the optimization of transmit antenna grouping {S r } N RF t r=1 can be formulated as the following optimization problem
(27) This optimization problem is a combinational optimization problem, which requires an exhaustive search to reach the optimal solution. The number of all possible combinations to obtain the optimal solution is
Nt according to [29] , which is clearly humongous. For example, when N t = 64 and N RF t = 4, the number of all possible combinations can be up to 1.4178 × 10 37 .
In this subsection, we focus on the design of a lowcomplexity antenna grouping algorithm to find the nearoptimal solution to (27) . Specifically, we first consider the approximation of λ 2 1 (F Sr ) for the rth transmit subarray as below
where the first equation is due to the fact that the square of the singular value of the matrix F Sr is the eigenvalue of the matrix R Sr = F Sr F H Sr , and the second approximation is due to the tight lower bound and upper bound of λ 1 (R Sr ) as proven in [22] . Based on (28), the objective function of the problem (27) becomes
This is a combinational optimization problem, and solving this requires exhaustive search with high-complexity.
To reduce the complexity while achieving good SE performance, we consider the antenna grouping from the viewpoint of clustering analysis in machine learning. Since the clustering metric here R F is more of a correlation-based rather than distance-based metric, we consider correlation based clustering method. To be specific, we propose a shared-AHC algorithm as listed in Algorithm 4, which is developed from the AHC algorithm to group the antennas into different subarrays associated with different RF chains. Traditional AHC algorithm is a clustering algorithm that builds a cluster hierarchy from 
else S n sub = S i 12:
end if
13:
14:
n sub = n sub + 1 
end for
24:
Rearrange the subscript to guarantee that the order of subscripts are from 1 to N RF t 25: end if the bottom up. It starts by adding all data to multiple clusters, followed by iteratively pair-wise merging these clusters until only one cluster is left at the top of the hierarchy. The shared-AHC algorithm is different from the traditional AHC algorithm [25] in two distinguished aspects. First, the aim of clustering in our antenna grouping problem is to build N RF t clusters instead of only one cluster in conventional AHC algorithm. Second, the pair-wise merging criterion in the proposed algorithm is "shared", while the conventional AHC algorithm only considers the target cluster. To further illustrate the "shared" mechanism, we introduce the metric of mutual correlation g(S n , S m ) between the cluster S n and S m
In each clustering iteration, we first focus on a cluster S n , and find a cluster S m that maximizes g(S n , S l ) among all possible S l . If the cluster S n also maximizes g(S m , S l ) among all possible S l , we merge S n and S m . Otherwise, the cluster S n and cluster S m are not merged and algorithm goes into the next iteration. Therefore, our proposed algorithm is featured as "shared", since two clusters mutually share the maximum correlation in the sense of (29) . The proposed shared-AHC algorithm is listed in Algorithm 4. In step 1, the clusters are initialized. Steps 2-20 are the main body of the shared-AHC algorithm.
Step 3 saves the clustering results in the last iteration and initializes the clustering process counter n sub . Steps 5-6 consider the special situation that the target cluster is already merged into a former cluster (step 5) and the situation that the target cluster is S N sub and not merged into any of the former clusters (step 6). Steps 7-13 are the main shared-AHC clustering process. For the target cluster S i , S j is the cluster maximizing the correlation g(S i , S l ) within all the clusters that have not been searched for i+1 ≤ l ≤ N sub (step 8). For the chosen cluster S j , we need to make sure S j and S i have the maximum mutually correlation. Hence, we define cluster S i 0 as the cluster maximizing the correlation g(S i , S l ) within all the clusters at current iteration (step 9). If i = i 0 , cluster S i and cluster S j are merged (step 10). Otherwise, the cluster S j is not combined with cluster S i (step 11). After processing the target cluster S i , the cluster counter n sub is increased by one and the next target cluster will be processed (step 14). After processing all the clusters in this loop, the stop criterion (steps 17-19) will be considered. If the resulting number of clusters N sub < N RF r , the iteration process stops and the clustering result of the last iteration (step 17) will be considered. Otherwise, we continue the iteration (step 18). Proof. Considering the large antenna regime, the transmit and receive steering vectors of channel H[k] are asymptotic orthogonal [8] . So the SVD of channel H[k] in (6) can be expressed as
where P[k] is the frequency-domain channel matrix in which the diagonal elements are arranged by the descending order of the modulus, A r and A t are the corresponding matrices formed by the receive and transmit steering vectors, and U r and V t are random simi-unitary matrices. Note that the frequency-domain channel matrix
Considering Dirac delta function as the pulse shaping filter, thus (N cl N ray )diag(α 1,1 , · · · , α N cl ,Nray ) , which is irrelevant with k. Therefore, the steering vectors concerning with maximum N s amplitudes [|P[k]|] i,i (i = 1, · · · , N s ) remain unchange over different subcarriers. We denote the matrix of these steering vectors as A t,max . Thus, we have
Actually, the channel matrix usually changes continuously according to time. In other words, the direction and amplitude of the main paths remain unchanged in a period of time. In fact, only the phase of channel gain changes rapidly, which is irrelevant to the AS grouping matric. Therefore, the AS antenna grouping can remain effective in enough amount of time and does not have to change when the channel changes.
At the receiver, we design the hybrid combiner antenna grouping for AS. To decouple w RF,Tr and {w BB,
in (25), we rewrite the problem (12) as
where W RF,Tr is a set of feasible RF combiner satisfying the constant-modulus constraint. Given the RF combiner w RF,Tr design, problem (31) is equivalent to the following problem 
By substituting (33) into (25), we obtain
(34) Note that minimizing (34) (26) . Therefore, the optimization of the receive antenna grouping {T r } N RF r r=1 can be expressed as the following optimization problem
(38) Similar to (28), we further obtain 
V. PERFORMANCE EVALUATION
In this section, we will investigate the SE performance for the hybrid precoder design at the transmitter, the SE, BER and EE performance for the hybrid precoder/combiner design, and the performance the proposed shared-AHC based AS antenna grouping algorithm in both computational complexity and slow time-varying feature. For the channel model, we adopt Dirac delta function as the pulse shaping filter and a cyclic prefix with the length of D = 64. The number of subcarriers is K = 512. The carrier frequency is f c = 30 GHz, and the transmission bandwidth is B = 500 MHz. We consider that the path delay is uniformly distributed in [0, DT s ] (T s = 1/B is the symbol period). The number of the clusters is N cl = 8, and the angle spread of each cluster is 7.5
• regardless of azimuth or elevation for both AoD and AoA. Within each cluster, there are N ray = 10 rays. As for the antennas, we consider both the transmitter and receiver adopt 8 × 8 UPA, and the distance between each adjacent antennas is half wavelength. Moreover, we consider the number of RF chains at transmitter and receiver are N RF t = N RF r = 4 and the data stream is N s = 3 unless otherwise stated. Additionally, we consider 4 types of classical FS patterns as shown in Fig. 1 , where antenna elements with the same color share the same RF chain.
The following baselines will be compared as benchmarks: Optimal fully-digital scheme considers the fully-digital MIMO system, where the SVD-based precoder/combiner is adopted as the performance upper bound. Simultaneous OMP (SOMP) scheme is an extended version of the narrow-band OMP-based spatially sparse precoding in [15] . In broadband, SOMP-based hybrid precoding scheme can simultaneously design the RF precoder/combiner for all subcarriers. Discrete Fourier transform (DFT) codebook scheme designs the RF precoder/combiner from the DFT codebook instead of steering vectors codebook in SOMP scheme [35] . Covariance eigenvalue decomposition (EVD) scheme estimates the covariance matrix of the channels using the mean of auto-correlation matrices at each subcarrier [22] . The RF precoder is designed based on the EVD of the covariance matrix of the channels.
A. Numerical Simulation on SE Performance
In this subsection, we simulate the SE performance at transmitter and the whole transmitter-receiver system.
In Fig. 2 , we compare the SE performance of the proposed hybrid precoding scheme at the transmitter with four baseline schemes mentioned previously, where both FCA and PCS (including FS and AS) are investigated in Fig. 2 (a) and (b), respectively. Both the infinite quantized phase shifters (Q = ∞) and limited quantized phase shifters (Q = 3 and Q = 1) are investigated. It should be pointed out that in Fig. 2 , we only compare the performance of transmit hybrid precoder, where the fully-digital receiver is assumed. For FCA, it can be observed from Fig. 2 (a) that our proposed PCAbased hybrid precoding scheme outperforms conventional DFT codebook-based hybrid precoding scheme and SOMP-based hybrid precoding scheme. This is because that mmWave MIMO channels associated with different subcarriers share the same row space due to the common scatterers. Meanwhile, our proposed algorithm can exploit the principal components of the common row space to establish the hybrid precoder. The SOMP-based and DFT codebook-based hybrid precoding schemes perform poorly since their analog codebooks are limited to the steering vector forms. Additionally, it can also be observed from Fig. 2 that the influence of quantization over Optimal fully-digital SOMP [15] , Q= SOMP [15] , Q=3 SOMP [15] , Q=1 DFT codebook [35] , Q= DFT codebook [35] , Q=3 DFT codebook [35] , Q=1 PCA-based, Q= PCA-based, Q=3 PCA-based , Q=1 Covariance EVD [22] , Q= Covariance EVD [22] , Q=3 Covariance EVD [22] 3 bits in phase shifters can be negligible and the worst 1-bit quantization does not influence much. As for the PCS, we consider a typical 3-bit quantization for phase shifter in Fig.  2 (b) , which shows that our scheme outperforms conventional covariance EVD-based hybrid precoder design scheme with different FS patterns and AS. The antenna grouping scheme in [22] is based on the greedy search, which may lead to the imbalance antenna grouping, since the local optimal solution may be acquired. By contrast, the shared-AHC-based antenna grouping algorithm introduces the mutually correlation metric (29) , which can effectively avoid this issue. Therefore, the proposed shared-AHC-based antenna grouping algorithm outperforms its counterpart in [22] .
In Fig. 3 , we evaluate SE performance of the proposed PCA-based hybrid precoding scheme, SOMP-based hybrid precoding scheme, and DFT codebook-based hybrid precoding scheme, where both hybrid precoder and combiner are jointly investigated, and Q = ∞, Q = 3 and Q = 1 are considered, respectively. For FS, both the transmitter and receiver share the same antenna grouping pattern. As shown in Fig. 3 (a) , the proposed PCA-based hybrid precoding scheme outperforms the SOMP-based hybrid precoding scheme and DFT codebook-based hybrid precoding scheme when FCA is considered. The DFT codebook-based hybrid precoding scheme works poorly due to the quantization loss of the DFT codebook with limited size. Additionally, quantization over 3 bits can be negligible and influence of quantization in worst 1-bit case is limited. As shown in Fig. 3 (b) for PCS in typical quantization Q = 3 case, the performance of FS varies with the different FS patterns, and AS consistently outperforms the FS with four typical patterns. This is because different channel matrix can have different spatial features depending on the different spatial scatterers. An FS pattern suitable for one kind of channels may not be suitable for another kind of channels. Therefore, to achieve improved SE performance, the antenna array pattern should be adaptive to the specific channels. The proposed shared-AHC algorithm in AS can dynamically adjust the antenna pattern according to the spatial feature of practical channels, and thus the improved SE performance can be achieved.
B. Numerical Simulation on BER Performance
In this subsection, we simulate the BER performance of the system. In Fig. 4 , we evaluate the BER performance of the Optimal fully-digital SOMP [15] , Q= SOMP [15] , Q=3 SOMP [15] , Q=1 DFT codebook [35] , Q= DFT codebook [35] , Q=3 DFT codebook [35] , Q=1 PCA-based, Q= PCA-based, Q=3 PCA-based, Q=1 
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Optimal fully-digital SOMP [15] , Q= SOMP [15] , Q=3 SOMP [15] , Q=1 DFT codebook [35] , Q= DFT codebook [35] , Q=3 DFT codebook [35] , Q=1 PCA-based, Q= PCA-based, Q=3 PCA-based , Q=1 proposed PCA-based hybrid precoding scheme, SOMP-based hybrid precoding scheme, and DFT codebook-based hybrid precoding scheme, where both hybrid precoder and combiner are jointly investigated, 16 QAM is adopted for transmission, and Q = ∞, Q = 3 and Q = 1 are considered, respectively. As shown in Fig. 4 (a) , the proposed PCA-based hybrid precoding scheme outperforms the conventional SOMP-based and DFT codebook-based hybrid precoding schemes in BER performance for FCA. Additionally, quantization over 3 bits can be negligible and influence of quantization in worst 1 bit case is limited. As shown in Fig. 4 (b) for PCS in typical quantization Q = 3 case, the performance of FS varies with the different patterns, and AS consistently outperforms the FS in BER performance. This is because AS implements the shared-AHC algorithm for antenna grouping, thus the antenna pattern can dynamically adapt to the spatial feature of different channels.
C. EE Performance Analysis and Numerical Simulation
In this subsection, we analyze the EE performance of the system and do numerical simulation on EE performance. Specifically, we define the EE metric as η = RB/P , where B is the transmission bandwidth, R is the SE in (3), and P is the total power consumption of the system. From Fig. 1 , we can observe that FCA and PCS have different power consumption due to the different numbers of phase shifters. Take transmitter for example, FCA requires N t N RF t = 256 phase shifters for connecting each RF chain to all antennas, while the PCS only requires N t = 64 phase shifters. Furthermore, different antenna architectures should also be taken into account due to the different total power. Specifically, we consider the hybrid MIMO systems using passive antennas and active antennas as shown in Fig. 2 (a) and (b) , respectively. Both of them consist of analog-digital/digital-analog convertors (AD/DA), low noise amplifiers (LNA), power amplifiers (PA), local oscillators (LO), duplexers or switches (DPX/S), and mixers etc. It is worth mentioning that DPX/S is used to transmit and receive signals sharing the same antenna hardware. When working in transmitting mode, the DPX/S ensures the transmit signal delivered from PA to antennas. When working in receiving mode, the DPX/S ensures the receive signal delivered from antennas to LNA. So the power consumption of DPX/S can be negligible since the switching duration between the transmitting mode and receiving mode can be neglected. As for the active and passive antenna architecture, the main difference lies in the position of the PAs/LNAs. In passive antennas, the number of PAs/LNAs is the same as that of the RF chains. While for active antennas, the number of PAs/LNAs is the same as that of antennas. This difference can lead to different power consumption because the PAs/LNAs consume large power. Thus we will analyze the power consumption for two different antenna architectures, respectively. Given the passive antenna architecture in Fig. 2 (a), the power consumption for FCA and PCS are respectively
By contrast, the power consumption for FCA and PCS with active antenna architecture as shown in Fig. 2 
Moreover, according to the antenna architecture for fully-digital (FD) precoder/combiner as shown in Fig. 2 (c) , the power consumption is P FD = N t (P PA + P DA + P mix + P LO ) + 2P syn + N r (P LNA + P AD + P mix + P LO ). Additionally, the power values of electronic components constituting three antenna architectures are P PS = 15 mW for 3-bit phase shifter [31] , P AD = P DA = 200 mW for AD/DA [31] , P mix = 39 mW for mixer [32] , P PA = 138 mW for PA [33] , P LNA = 39 mW for LNA [33] , P LO = 5 mW for LO [31] , and P syn = 50 mW for synchronizer [34] .
In Fig. 6 , we compare the EE performance of the proposed PCA-based hybrid precoding scheme, SOMP-based hybrid precoding scheme, and DFT codebook-based hybrid precoding scheme in typical quantization Q = 3 case with FCA and PCS, where both passive and active antenna architectures are investigated. Note that the power values of key electronic components can refer to Section VI. In Fig. 6 (a) , for passive antenna architecture, the EE performance of PCS by using the proposed PCA-based hybrid precoding scheme outperforms that of FCA by using the proposed and baseline schemes. The reason is that PCS adopts a much smaller number of phase shifters than FCA, though SE performance of PCS still suffer from a performance gap compared with FCA. Moreover, AS outperforms the other FS patterns in SE, and it consumes the same power with the other FS patterns. Therefore, AS outperforms other four types of FS patterns. Note that the optimal fully-digital scheme has the worst EE performance, since the numbers of power-consuming PAs, LNAs, ADs/DAs, mixers are proportional to that of antennas. In Fig. 6 (b) , the advantage of EE performance for different FS patterns by using the proposed hybrid precoding scheme over the FCA with several typical hybrid precoding schemes and fully-digital array with the optimal precoding scheme is not considerable. This is because active antenna architecture requires the powerhungry PAs/LNAs for each antenna. Meanwhile, the advantage of the reduced power consumption benefiting from FS structure is greatly weakened by its disadvantage in SE performance when compared with FCA. Finally, the EE performance of AS with the proposed hybrid precoding scheme still has obvious advantage over the other schemes. This observation reveals the appealing advantage of AS in practical situation when both the power consumption and SE should be well balanced.
D. Performance Analysis and Numerical Simulation for AS Grouping Algorithm
In this subsection, we compare the computational complexity of the proposed shared-AHC algorithm and the greedy algorithm in [22] for antenna grouping. Additionally, we investigate the influence of unchanged AS pattern under changing channel condition. The computational complexity of key steps in the shared-AHC algorithm and greedy algorithm is provided in Table I . Note that it is difficult to analyze the overall complexity of the shared-AHC algorithm and greedy algorithm directly due to the following reasons. First, both the computational complexity of shared-AHC algorithm and the greedy algorithm depends on the channel condition. Second, both two algorithms have the selection statements of "if" and "else", and for different selections, the complexity can be different. Third, the total number of iterations for the shared-AHC algorithm is adaptive, and the complexity within each iteration depends on the condition of the former iteration. Considering these, we compare the computational complexity of the two algorithm according to their practical runtime. Fig. 7 (a) indicates the computational complexity of the proposed shared-AHC algorithm comparing with the greedy algorithm. The simulation is performed based on the software of MATLAB R2016a, and the computer configuration is Intel Core i7-7700 CPU and 16 GB RAM. The channel parameters are the same with previous simulations. We assume the numbers of transmit and receive antennas are N t = N r ∈ {4 2 , 5 2 , 6 2 , · · · , 12 2 }. Fig. 7 (a) shows the mean and standard deviation of the runtime of the proposed shared-AHC algorithm and the greedy algorithm in [22] for antenna grouping. We can observe from Fig. 7 (a) that the order of the mean runtime of the proposed shared-AHC algorithm is similar to that of the greedy algorithm, and the standard deviation of the proposed shared-AHC algorithm is larger than that of the greedy algorithm.
Since the direction of multipath changes slowly while the channel gain changes rapidly, we generate different channels and consider different time slots of one channel realization. In each time slot, the direction of multipath remains unchanged while only the phase of channel gain changes. For each realization of channels, we respectively investigate the SE performance under unchanged AS over all slots and changing Nt(Nt −1)
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Step 13 AS in each slot. We consider the receiver using fully-digital combiner and 2 × 2 UPA. Fig. 7 (b) shows the SE comparison between unchanged and changed AS when SNR=0, 10 and -10 dB. We can observe that there is no obvious SE performance gap between unchanged and changed AS. Therefore, the AS does not have to change rapidly with the channel.
VI. CONCLUSIONS
In this paper, we proposed a hybrid precoding scheme based on PCA for broadband mmWave MIMO systems. We first designed a low-dimensional frequency flat precoder/combiner from the optimal frequency-selective precoder/combiner based on PCA for FCA. Moreover, we extended the proposed PCAbased hybrid precoder/combiner design to the PCS. We developed PCA-based precoding scheme under FS. We then proposed the shared-AHC algorithm inspired by cluster analysis in the field of machine learning for antenna grouping to further improve the SE performance. Finally, we evaluated the SE and BER performance of the proposed PCA-based precoding scheme, analyzed the EE performance, and investigated the computational complexity and slow time-varying feature of the shared-AHC based AS antenna grouping algorithm. 
